Introduction
Epirubicin (EPI), an effective anthracycline antibiotic, is mainly metabolized in the liver, and its metabolites are associated with oxidative stress toxicity (1) . EPIinduced liver toxicity is one of the major causes of hepatic dysfunction (2) . Paeonol (2-hydroxy-4-methoxyacetophenone) is an active constituent isolated from the Chinese herbal medicine Moutan Cortex and Cynanchum paniculatum (3) . Paeonol has been reported to have various biological activities, including antiinflammatory, anti-allergic, and immune-regulation (4). In our previous studies, paeonol presented antioxidative stress activity, anti-inflammatory action, and apoptosis inhibition in EPI-induced liver damage by affecting the phosphatidylinositol 3-kinase/protein kinase B (PI3K/ AKT) and nuclear factor (NF)-KB pathways (5) .
EPI-induced hepatocyte oxidative stress and paeonolrelated antioxidants change a series of biochemical parameters, which impact downstream metabolic processes (6, 7) . Conventional judgment of hepatotoxicity is principally according to the changes of aminopherases, including aspartate transaminase (AST), which increased after hepatonecrosis (8) . Therefore, it is a priority to investigate potential indictors in initial liver injury induced by EPI and the treatment outcomes of paeonol.
With the development of analytical technologies, the metabolomic approach is widely used for the
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Materials and Methods

Experimental design
A breast tumor-bearing mice model was established as previously described (8) . In brief, BALB/c mice were subcutaneously injected with 4T1 cells (suspension, 100 μL, 5 × 10 6 cells/mL) in the right side of the fourth mammary gland. The tumor length and width were measured using a digital caliper, and the tumor volume was calculated using the following formula: tumor volume (mm 3 ) = (length × width 2 )/2. When the size of the tumors was approximately 100 mm 3 , the mice were randomly divided into three groups: control, EPI, and EPI + paeonol treatment:
Control group: mice received intragastrically (i.g.) administered saline daily for 6 days and a tail intravenous (i.v.) injection of saline every other day for three cycles; EPI group: mice received i.g. saline daily for 6 days and a tail i.v. injection of EPI (6 mg/kg) every other day for 3 cycles; Combined group: mice received i.g. paeonol (30 mg/kg) daily for 6 days and a tail i.v. injection of EPI (6 mg/kg) every other day for 3 cycles.
Blood was collected and the mice were sacrificed on day 8. The liver tissues were removed rapidly. Some livers were fixed in formalin for hematoxylin and eosin (HE) staining, whereas others were frozen in liquid nitrogen (stored at -80°C) for Western blot analysis.
Histopathological examination and assay of hepatic marker enzymes
Liver tissues were fixed in 10% buffered formalin, embedded in paraffin, sectioned (5 mm thick) and stained with HE for histopathological analysis under light microscope (CKX41, 170 Olympus, Tokyo, Japan). Samples were obtained after centrifugation (4,000 rpm, 5 min) to monitor the biochemistry index. The alanine aminotransferase (ALT), glutamic-oxalacetic transaminease (AST) and alkaline phosphatase (ALP) in plasma were assayed according to the manufacturer's instructions (Nanjing Jiancheng Biotechnology Institute, China).
Western blot analyses
Western blots were analyzed as described previously (8) . All procedures followed the suppliers' instructions. Livers were cut into small pieces, homogenized in pyrolysis liquid (containing phenylmethylsulfonyl fluoride ) on ice and centrifuged at 12,500 rpm for 5 min at 4°C. Supernatants were harvested to denature by boiling for 5 min in loading buffer.
Samples were electrophoresed, electro-transferred onto polyvinylidene difluoride (PVDF) membranes, incubated with primary antibodies and secondary antibodies, visualised using chemiluminescence reagent (Millipore, USA) and exposed to X-ray film. Data was quantitated by comparison to vehicle control using Image Jet software. Triplicate experiments with biomarkers in the control, EPI, and EPI + paeonol groups were introduced into SPSS/Win 11.0 software (SPSS Inc., Chicago, IL) for further t-tests, and a p value of < 0.05 or < 0.01was considered statistically significant (*p < 0.05, # p < 0.01) (10,11).
Results
Changes of histopathology and biomarkers
4T1-tumor bearing mice were treated three times with EPI at 6 mg/kg, a cumulative dose that can cause hepatotoxicity in mice (5) . In our present study, histopathology of HE staining from control mice livers showed normal architecture. HE-stained liver sections ( Figure 1A ) from mice treated with EPI had severe liver damage characterized by infiltration of inflammatory cells, interstitial hemorrhage and necrosis. However, samples from the combined group represented histopathological changes in mitigation compared to those receiving EPI alone. The ALT, AST and ALP activities in plasma, the most widely adopted drug-induced liver injury biomarkers for hepatotoxicity, were measured to evaluate EPI-induced liver damage. Samples in EPItreated mice demonstrated increased levels of ALT, AST and ALP. By contrast, the combination of EPI and paeonol resulted in an apparent reversal of the EPIinduced increase in liver function enzymes ( Figure 1B ).
Analysis of metabolite profiling
GC-MS analysis was performed to separate the complex endogenous metabolites. The typical total ion chromatography (TIC) of three groups of samples is displayed in Figure 2 . Based on the metabolic profile data, more than 50 metabolites were detected in the plasma. After derivatization, normalization and filtering steps, 16 metabolites with a degree of matching above 80% were selected and identified by calculating on the basis of confirmed ion and fragmentation patterns and compared with the mass spectrum of the library, as shown in Table 1 . The relative standard deviation (RSD) of each common peak was less than 15% (n = 5), showing that the precision of analytical platforms was excellent.
GC-MS results suggested that the metabolite spectrum in the plasma mainly included contributions from amino acids and lipids, which are probably associated with oxidative stress induced by EPI. The concentrations of the substances inside the body are related to the energy metabolism and autophagy activity.
Multivariate statistical analysis
To illustrate the differences in metabolic profiles, the triplicate samples were conducted. Primary antibodies were all from Cell Signalling Technology (Beverly, MA), including p-AMPK (adenosine monophosphate activated protein kinase, 1:900), AMPK (1:1000), p-mTOR(mammalian target of Rapamycin, 1:800), mTOR (1:1000), LC3(1:1000), Atg5(1:1000), Atg7(1:1000), Beclin1(1:1000) and β-actin (1:1000).
Blood sample preparation
Blood samples were collected and centrifuged for 5 min at 4,000 rpm. Plasma was separated and stored at -80°C until analysis. Acetonitrile (250 μL) was added to 100 µL of serum (ice-bath for 15 min), vortexed for 3 min, then centrifuged at 10,000 rpm for 10 min. The supernatant (150 µL) was transferred to a GC vial and evaporated under a stream of nitrogen gas to dryness. Fifty µL of methoxypyridine (15 mg/mL) was added to the vial for 1 h at 70°C, and 50 µL of derivatization reagent (N-methyl-N (trimethylsily) trifluoroacetamide : trimethylchlorosilane = 100:1, V/V) was then added. The combined solution was kept at 70°C for another hour, vortexed after adding 150 µL n-hexane (0.10 mg/ mL of heptadecanoic acid) as an internal standard and centrifuged to separation (3,000 rpm for 10 min). The liquid supernatant was drawn for GC-MS analysis (10).
GC-MS analysis
The derivative sample (2 μL) was injected into GC-MS. An HP-5MS column (0.25 mm × 30 m × 0.25 mm, Agilent, USA) was used in metabolite studies, and the helium carrier gas pressure was set at 10 psi. The GC oven was initially set at 85°C for 1 min, increased to 180°C at a rate of 10°C/mL and then kept at 260°C for 15 min. MS detection was conducted in EI mode with an electron energy of 70 eV and full scan mode with m/ z of 60 to 600, followed by splitless mode injection (10).
Metabolomic analysis
MSD Chemstation software (Version E02.00.493, Agilent Technologies) was used to process the GC-MS data. Endogenous metabolites were identified by matching the spectra against the reference library of NIST 08 Identification System. The metabolite data derived from the three groups were further analyzed using pattern recognition methods in software SIMCA-P+ 11.5 (UmetricsAB, Umea, Sweden). The dataset was subjected to normalization and pare to scaling prior to multivariate analysis. Partial least squares-discriminate analysis (PLS-DA) and principal component analysis (PCA) were used to explain the maximum variation and separation among the defined class samples. Variable importance in the projection (VIP) was used to interpret the specific metabolites among classes. Sixteen concentrations of potential GC-MS spectra were further segmented and subjected to PCA. The score plot clearly discriminated the distinct separation of the three groups: control, EPI, and EPI + paeonol (Figure 3 ). The control group was clustered to the under-right section, while EPI-treated groups generally clustered in the opposite region. The combined group was located between the control and EPI-treated groups.
PLS-DA was performed to further identify the metabolites underlying the differences among the groups. As shown in Figure 4 , the score plots show a complete separation between the control and EPItreated groups, in which the control group clustered to the right, while locations of the EPI-treated group generally moved to the lower-left region. The combined group moved away from the EPI-treated group, tending to move toward the controls. The results implied that the overall metabolism of the EPI-treated mice changed significantly, and the metabolites in co-treated mice represented a tendency to move closer to the controls. In addition, the outliers in the groups were probably caused by individual differences.
On the basis of the cross-validated PLS-DA model and t-test analysis, the VIP was calculated. Seven endogenous metabolites whose VIP values were larger than 1 were selected as the candidates of the potential biomarkers for EPI-induced liver injury. Serum levels of glycine and oleic acid were lower in the EPI group than those in the controls, while amounts of malic acid, L-leucine, L-valine, succinic acid and serine were higher. The coefficient column plot of the latent variables using PLS-DA is shown in Figure 5 . Marks indicate the direction of the change, i.e., ↓ for decrease, ↑ for increase; #p < 0.05 and *p < 0.01, as indicated by the statistical analysis t-test. Figure 1 . Effects of paeonol on EPI-induced hepatic dysfunction. Mice were treated with saline, EPI (6 mg/kg) every other day for 3 cycles and/or paeonol (30 mg/kg) daily for 6 days. Then, electrocardiographs (A) and myocardial enzymes (B) were examined, and the data were statistically significant (mean ± S.E.M.; *p < 0.05 versus control, #p < 0.05 versus EPI-treated mice). 
Relative signalling pathway
To verify that the protective effect against EPI-induced hepatotoxicity afforded by paeonol requires autophagy inhibition. The efficiency of the autophagy was confirmed by Western blot analysis. As shown in Figure  6 , the EPI treatment significantly reduced p-mTOR level, and increased p-AMPK, LC3II/LC3I, Atg5, Atg7, Beclin1 levels in livers. We next exposed EPI-treated and then subjected them to scrambled or paeonol. The results showed that paeonol significantly attenuated the autophagy activation, the protective effects of paeonol, indicating paeonol-dependent protection against EPIinduced autophagy activation in liver.
Discussion
EPI is an effective anthracycline antibiotic that is widely used to treat various malignancies. Nevertheless, EPI-induced liver injury is a concern depending on the dosage and duration of therapy, resulting in hepatic dysfunction and acute liver failure. EPI has been shown to be metabolized by the liver, and its metabolites are related to oxygen-free radicals, which lead to liver toxicity (1). In our previous research, EPI was able to activate the PI3K/Akt/NF-kB pathway to enhance oxidative stress and induce hepatocyte apoptosis in 4T1-tumor mice. Despite much research, the precise mechanism underlying the EPI-induced acute and chronic normal liver tissue damage should be further explored.
In the current study, we observed that the serum ALT, AST and ALP, as well as HE staining confirmed EPI-induced liver damage and paeonol-related hepatoprotective effects, which are consistent with published literature (12) . In addition, a metabolomic analysis of systemic variation following EPI and paeonol treatment was also investigated in mice. The metabolic markers of EPI and paeonol were distinguishable in a well-established plasma GC-MS-based metabolomic profile. A panel of candidate endogenous metabolites was identified as potential biomarkers.
The results indicated that the metabolic alteration, including increments of 5 metabolites in plasma, and decrements of 2 metabolites in plasma occurred after EPI treatment. It is noteworthy that all metabolite alteration could be reversed by paeonol treatment, suggesting possible pharmacological mechanisms of the hepatoprotective effect of paeonol. The changed metabolites related to some potential metabolic pathways: lipid metabolism (palmitic acid and oleic acid), amino acid metabolism (serine, valine, leucine, and glycine) and energy metabolism (succinic acid and malic acid). Our previous study demonstrated that the generation of reactive oxygen species (ROS) is one of the major proposed mechanisms of EPI-induced liver injury, which leads to cell membrane damage and results in the release of marker enzymes of hepatotoxicity. Under the condition of oxidative stress, the tricarboxylic acid (TCA) cycle is slowed down, resulting in decreased production of ROS (13, 14) . The two crucial energy supply substances for the mitochondrial TCA cycle, succinic acid and malic acid are increased due to the dysfunction of mitochondria (15) . Furthermore, gluconeogenesis is also inhibited under oxidative stress, resulting in an increase of serine, which is able to synthesize hepatic glucose (16) . In addition, the synthesis of very low-density lipoproteins (VLDL) is significantly affected in transporting lipids from liver to plasma by dysfunction of hepatic enzymes, contributing to a decrease of palmitic acid and oleic acid (17) . Furthermore, a mass of ROS leads to the consumption of antioxidants, such as glutathione (GSH), which is synthesized with glycine, glutamate and cysteine in the liver (18) . Therefore, the decrease of glycine in the EPItreated group is closely associated with the large amount of GSH synthesis. We previously found that paeonol was able to exert its anti-oxidative stress activity in EPI-induced hepatotoxicity (8) . In our present study, compared to EPI-treatment, succinic acid, malic acid and serine are reduced and palmitic acid, oleic acid and glycine are elevated in the paeonol-treated group.
The branched-chain amino acids (BCAAs), including valine, leucine, and isoleucine, have been reported in liver, renal and other tissue injuries (19, 20) . Holeček et al. observed that the BCAAs are extremely decreased both in carbon tetrachloride and ischaemic acute liver damage. As essential amino acids, valine and leucine not only participate in protein metabolism, but also have various physiological and metabolic functions (21) . After being converted into α-ketoisovalerate (KIV, ketovaline) and α-ketoisocaproate (KIC, ketoleucine), valine and leucine can be oxidized by the liver and then be catabolized to succinyl-CoA and acetyl-CoA, which enter into the TCA cycle (22) . The elevation of BCAA levels may result from amino acids leaking from the dying hepatocytes into the circulatory system (19) . In our study, valine and leucine increased dramatically in the EPI group compared to the controls.
The AMP-activated protein kinase (AMPK) is a central regulator of cellular and organismal metabolism (23) . In eukaryotes, AMPK plays a crucial role in metabolism, especially in energy homeostasis in the liver and other dedicated tissues (24, 25) . It is activated when ATP production is lower, resulting in a relatively increased AMP/ATP ratio (26) . The activation of AMPK can suppress the mTOR pathway by directly phosphorylating raptor (15) . In addition, leucine was shown to enhance AMPK activity to promote palmitate uptake both in vitro and in vivo (27) . On the other hand, leucine has been shown to function as a regulator to activate the mTOR signalling pathway, involved in the stimulation of protein synthesis (28) . In our study, we found that the expression of p-AMPK is augmented, and p-mTOR is distinctly decreased in EPI treatment compared to the controls. Furthermore, the activation of AMPK inducing the inhibition of mTOR-dependent signalling may be expected to stimulate autophagy. Figure 7 shows the possible molecular mechanism of the hepatoprotective effect of paeonol on EPI-induced hepatotoxicity. Therefore, whether the autophagy level is changed in EPI-induced hepatotoxicity should be studied further in future research.
In conclusion, our results demonstrate the hepatoprotective effect of paeonol on EPI-induced hepatotoxicity in mice. The underlying metabolomic mechanisms refer to lipid metabolism (palmitic acid and oleic acid), amino acid metabolism (serine, valine, leucine and glycine), energy metabolism (succinic acid and malic acid) and the AMPK/mTOR signalling pathway. Our study is not only beneficial to the understanding of the pathogenetic mechanism of EPIinduced hepatotoxicity, but also provides experimental data and a theoretical foundation for the hepatoprotective effect of paeonol.
